Background: Recruitment manoeuvres generate a transient increase in trans-pulmonary pressure that could open collapsed alveoli. Recruitment manoeuvres might generate very high inspiratory airflows. We evaluated whether recruitment manoeuvres could displace respiratory secretions towards the distal airways and impair gas exchange in a porcine model of bacterial pneumonia. Methods: We conducted a prospective randomised study in 10 mechanically ventilated pigs. Pneumonia was produced by direct intra-bronchial introduction of Pseudomonas aeruginosa. Four recruitment manoeuvres were applied randomly: extended sigh (ES), maximal recruitment strategy (MRS), sudden increase in driving pressure and PEEP (SI-PEEP), and sustained inflation (SI). Mucus transport was assessed by fluoroscopic tracking of radiopaque disks before and during each recruitment manoeuvre. The effects of each RM on gas exchange were assessed 15 min after the intervention. Results: Before recruitment manoeuvres, mucus always cleared towards the glottis. Conversely, mucus was displaced towards the distal airways in 28.6% ES applications and 50% of all other recruitment manoeuvres (P¼0.053). Median
Conclusions: Recruitment manoeuvres dislodge mucus distally, irrespective of airflow generated by different recruitment manoeuvres. Further investigation in humans is warranted to corroborate these pre clinical findings, as there may be limited benefits associated with lung recruitment in pneumonia.
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Editor's key points
Recruitment manoeuvres are commonly used to promote opening of collapsed alveoli.
As recruitment manoeuvres can generate very high inspiratory airflows, the authors evaluated whether respiratory secretions are displaced towards the distal airways and impair gas exchange in a porcine model of bacterial pneumonia. Mucus transport was assessed by fluoroscopic tracking of radiopaque disks. Recruitment manoeuvres frequently moved mucus distally, which was associated with a failure to improve arterial oxygenation. These preclinical findings suggest that the role of recruitment manoeuvres should be reevaluated critically in various clinical scenarios.
Recruitment manoeuvres (RM) generate a transient increase in trans-pulmonary pressure which may reopen collapsed alveoli. 1 Alveoli frequently collapse when lungs become inflamed, particularly in postural dependent regions. Furthermore, compression of the lungs by abdominal content 2 or the heart 3 also contributes to alveolar derecruitment. Patients with acute respiratory distress syndrome (ARDS) are particularly at risk for alveolar collapse and ventilator-induced lung injury, through cyclical reopening of derecruited alveoli. 4 Theoretically, collapsed alveoli may be re opened by RM, assuming that the applied trans-pulmonary pressure exceeds the alveolar opening pressure. A variety of patients may benefit from RM. In the operating room, patients undergoing laparoscopic abdominal 5 13 The displacement of mucus towards the distal airways after RM may contribute to these variable results, 14 as a variety of ventilator settings displace the retained mucus via a two-phase gas-liquid flow mechanism. 15 Moreover, RM may be less efficient in ARDS patients, in whom substantial increases in mucus production occur. 16, 17 Thus, we designed this study to evaluate, in an animal model of P. aeruginosa pneumonia characterised by copious production of mucus, whether the airflow patterns generated by four different RM could result in mucus displacement towards the distal bronchi and deteriorate gas exchange, pulmonary mechanics, and haemodynamics.
Methods
The institutional review board of Hospital Clinic, Barcelona, Spain and University of Barcelona animal ethics committee approved the protocol (approval number 567/13 ) was administered to ensure sedation and analgesia. Ultrasound-guided cannulation of the right or left internal jugular vein was performed. A pulmonary artery catheter (Swan-Ganz PAC, Edwards Lifesciences, Irvine, CA, USA) was used for haemodynamic monitoring. We cannulated the femoral artery with an arterial catheter (Plastimed, Prodimed, St Leu-la-Forêt, France) to monitor systemic arterial pressure and collect blood samples. 
Bacterial challenge

Experimental protocol
Some 48 h after bacterial challenge, we increased the dose of sedatives and analgesics by 20% to ensure lack of spontaneous ventilation and deep sedation/analgesia during drug-induced paralysis. FiO 2 was set to 100%, and VT was decreased to 8 ml kg
À1
. Pigs were maintained in the prone fully horizontal position. Respiratory secretions were aspirated 1 h before commencement of the protocol, after which further aspirations were avoided. Before each RM, we administered rocuronium 0.6 mg kg À1 for muscle paralysis. We ensured similar ventilatory settings before each RM (Supplementary  Table 1 ). Then, the following RM ( Fig. 1 ), were applied in random order. Extended sigh: Volume-control ventilation; VF and VT were set as before the intervention; duty cycle (T I T TOT ) 33%. PEEP was incremented every 30 s by 5 Airflows generated by recruitment manoeuvres. Additional details on the specific ventilatory settings applied for each recruitment manoeuvre are reported in the methods of the main text and online supplement. As clearly depicted, the extended sigh and maximal recruitment strategy were the maneuverers with the longest duration, while the maximal recruitment strategy generated the highest inspiratory flows.
Sudden increase in driving pressure and PEEP: Pressurecontrolled ventilation; T I T TOT 33%; peak inspiratory pressure 40 cm H 2 O, and PEEP 16 cm H 2 O. These parameters were maintained for 12 breaths. 21 Sustained inflation: CPAP with PEEP 40 cm H 2 O for 30 s. 22 Mucus movement was measured before and upon completion of each manoeuvre. Airway pressure, oesophageal pressure, and respiratory airflow were measured throughout the RM. Respiratory mechanics, haemodynamics, and arterial and venous gas exchanges were measured before each RM and 15 min thereafter. After these assessments, 1 h elapsed before applying subsequent RM.
Airway mucus velocity
The primary outcome was mucus clearance. Mucus movement was measured as reported previously. 15 Briefly, from six to eight tantalum disks (ESPI Metals, Ashland, OR, USA) were insufflated into the trachea. A total of five timed serial laterolateral fluoroscopic images were taken during the baseline assessment, and one image was obtained before and after each RM, to compute tracheal mucus velocity through movement of the tantalum disks. Mucus velocity of each assessment was averaged from velocities of all tracked markers. We limited our analysis to secretions overlying the ventral part of the trachea, where mucus is retained in the prone position ( Supplementary Fig. S1 ). The direction of the movement of each marker was described by a positive vector (towards the glottis) or negative vector (towards the distal airways). Investigators who undertook analysis were masked to RM type.
Respiratory measurements and response to treatment
Airway pressure, oesophageal pressure, and airflow rates were measured as previously reported. 15 We calculated the difference between peak expiratory flow and mean inspiratory flow (PEF-MIF) and between mean expiratory flow (MEF), from the beginning of expiration until the expiratory flow reached zero, and MIF (PEF-MIF). Supplementary Figs. 5 and 6 depict airway and oesophageal pressures, where positive values represent an airflow bias in favour of inspiratory flow. Pulmonary mechanics were analyzed with dedicated software (Colligo; Elekton, Milan, Italy) and calculated using standard formulae. 23 Arterial and venous gas exchanges were measured. We defined positive or negative response to RM treatment based on the post-RM improvement or decline in PaO 2 /FiO 2 of at least 5 mm Hg, respectively.
Haemodynamic optimisation and monitoring
Before initiation of each RM protocol, we aimed at achieving an MAP !80 mm Hg through fluid challenges (a maximum of two 200 ml boluses of crystalloid) and, if needed, a subsequent increase in norepinephrine. HR and MAP were monitored during RM.
Autopsy, microbiological and histological studies
Seventy-two hours after tracheal intubation (68 h after bacterial challenge) the animal was euthanised. We obtained tissue samples from the most affected regions, as demonstrated by tissue aedema, atelectasis, and intrabronchial purulent secretions, for microbiological quantification of P. aeruginosa, and confirmation of pneumonia according to a quantitative P. aeruginosa culture !3 log cfu g
À1
. 18 An experienced pathologist, masked to the study interventions, confirmed pneumonia and reported other signs of injury.
Statistical analysis
The primary outcome was mucus clearance. To the best of our knowledge, no in-vivo studies have evaluated the effects of RMs on mucus displacement. Based on our previous studies, we hypothesized that the worst and best RM would have transported mucus at a velocity À1.5 and 1.5 mm/min, respectively. 15 Therefore, for an assumed F ratio of 1.09 (by repeated-measures ANOVA), a desired statistical power of 80% and a standard deviation for all groups of 1 mm min À1 , at least 10 pigs were required in order to demonstrate significant differences in mucus clearance among RMs. We developed a randomization schedule list for a 1-arm 4-level study with blocks of 4. At the beginning of each experiment a sealed folder containing the randomization schedule was opened and the various RMs were applied in the instructed order. Primary outcomes was variation in mucus clearance velocity rate. Continuous variables were analysed using a restricted maximum likelihood analysis, based on the RM sequentially applied. Normality of the residuals was evaluated to ascertain applicability of the analysis. Post hoc pair-wise comparisons were corrected using the Bonferroni test. Oxygenation parameters were compared by unpaired t-test or the WilcoxoneManneWhitney U-test. Categorical variables were analysed using the c 2 test. Finally, linear regression analysis was applied to correlate airflow biases with mucus clearance rate. A two-sided P-value 0.05 was considered statistically significant. All statistical analyses were performed using SAS software (version 9.2; SAS Institute, Cary, NC, USA).
Results
Pneumonia model
Worsening of gas exchange and pulmonary mechanics developed within 18 h in all pigs ( Supplementary Fig. 2 Recruitment manoeuvre effects on pulmonary mechanics, gas exchange and haemodynamics Before RM, pulmonary and haemodynamic parameters were similar between experimental subjects (Supplementary Table 2 ). The ES, MRS, SI-PEEP, and SI generated a mean (SD) trans-pulmonary pressure of 28 Fig. 7 ). RM improved lung elastance in the majority of interventions (23/33; 69.7%), but it did not have any effect on pulmonary parameters (Supplementary Tables 3 and  4 ). Marginal improvements in pulmonary mechanics and gas exchange were observed (Supplementary Table 5 ). 
Responders in comparison with non-responders
Discussion
In a clinically relevant, porcine model of acute lung inflammation, we found that RM decreased mucus clearance rate and caused displacement of secretions towards the distal airways in approximately 50% of the interventions, irrespective of the various patterns of airflow biases generated. Previous studies in patients undergoing various types of surgery 5, 6, 8 or with ARDS 11 have confirmed that various RM reverse alveolar atelectasis, but are also associated with respiratory and haemodynamic complications. 18 Our data suggest that such adverse events during RM may be attributable to the displacement of mucus as a result of high inspiratory flows. This off-target effect of RM was largely overlooked in previous investigations, probably because assessing mucus movement in intubated patients undergoing surgical procedures or in the ICU is challenging. 24 In human patients, these data are only obtainable through tracing particles deposited into the airways during prolonged bronchoscopy 25 or transferring ventilated patients to measure the clearance of radioactive substances. 26 Thus, advances in this field mainly rely on animal data. 15, 27, 28 To the best of our knowledge, this is the first evaluation of the effects of RM on mucus movement, providing novel insights on the potential risks of RM in patients with pulmonary comorbidity and mucus retention. In our study, we evaluated an established porcine model of respiratory failure caused by pneumonia, 29 characterised by profuse production of mucus accompanied by the potential for alveolar recruitment. 22 We found that the failure of RM to improve oxygenation was associated with slower mucus velocities, suggesting a potential link between mucus displacing towards the distal airways and detrimental responses to RM. In order to fully elucidate the underlying mechanisms for such impairment, it would be essential in future experiments to apply sophisticated methods to appraise the movement of secretions at the most distal airways. Furthermore, the possibility of performing tracheal suctioning before an RM could be considered, while taking into account the potential risks of lung derecruitment upon suctioning. 9 We failed to find an association between airflow and mucus moving towards the distal airways, consistent with our previous studies. 15, 30 This may, however, suggest limited precision in the available methods for measuring mucus clearance in vivo. Nevertheless, in our previous studies 16 using healthy pigs in a semi-recumbent position, inspiratory flows of approximately 20 L min À1 and MEF-MIF of À4 L min À1 were sufficient for moving mucus towards the distal airways. In our current study, RM generated inspiratory flows up to 50 L min À1 , which resulted in MEF-MIF of 20 L min À1 . Here, ventilation before RM generated MIF higher than all RM apart from SI, and PEFs were lower than all manoeuvres except for MRS. MEF was the only variable that was higher during baseline ventilation, in comparison with all RM apart from SI. Thus, these airflow biases hardly suggest a linear association between airflows and the detrimental movement of mucus towards the distal airways. Importantly, we used a clinically relevant model of severe pneumonia caused by P. aeruginosa and with copious production of purulent secretions. Theoretically, in this specific pathological condition, mucus may narrow the airway lumen and promote mucus displacement 31 when rapid, substantial airflow is generated by RM. One strength of this study is that we used an established, clinically relevant porcine model of bacterial pneumonia, characterised by increased production of mucus and lung impairment. However, our findings may not apply to patients with chronic pulmonary diseases. A further strength was that we used RM widely used in both laboratory and clinical studies. Given that mucus clearance was quantified at the proximal airways, our results cannot be extrapolated to predict mucus movement at the most distal airways. Furthermore, we only measured mucus clearance during the intervention, without longer term follow-up. Because the pigs were kept in the prone position, the effects of gravity on mucus clearance 32, 33 may have underestimated the deleterious effects of RM in patients kept in the semi-recumbent position. Finally, lung recruitability in our model of pneumonia characterised by modest hypoxaemia was not comprehensively assessed, so uncertainty remains regarding the risks versus benefits associated with RM.
In conclusion, we found that recruitment manoeuvres often dislodge mucus towards the distal airways, irrespective of the specific airflows generated. In light of our findings, further investigation in relevant human populations is warranted as there may be limited overall benefit associated with lung recruitment manoeuvres.
